Sustainable procedures for sludge/biosolids management require the development of strategies to reduce the amount of sludge to be handled and to produce higher quality biosolids. Therefore, realistic and enforceable regulations adapted to local situations must be developed, defined outlet procedures established and good quality products guaranteed. To this end, the definition of standardized characterization procedures and guidelines for good practices becomes a necessary support to regulations. To contribute to the development of the EU directives dealing with sludge, the European Committee for Standardization (CEN) has established Technical Committee 308 (TC 308) whose scope is the standardization of methods for sludge characterization and the production of guidelines of good practice. In this paper, the most recent developments of the CEN/TC 308 work for the chemical, biological and physical characterization of sludge/biosolids are discussed in relation to the main different treatment and outlet options.
INTRODUCTION
The management of sewage sludge in an economically, environmentally and socially acceptable manner, i.e. in a sustainable manner, is one of the critical issues facing modern society, due to the fast increase in its production as a result of extended sewerage, new work installations and upgrading of existing facilities. This is coupled to increased difficulties in properly locating disposal works and complying with even more stringent environmental quality requirements imposed by legislation.
The application to sludge/biosolids management of more sustainable procedures requires the development of multiple and diversified option strategies aiming at:
• reducing the amount of sludge to be handled, provided that the consumption of energy does not increase and the recovery possibilities are not reduced;
• producing higher quality biosolids for minimization of impacts on the environment. This involves the need to assess management routes capable of maximizing the recycle or recovery benefits, and to develop operational systems assuring long-term services appropriate to local and site specific circumstances, including economy, geography, climate, etc. Within this general framework, realistic and enforceable regulations adapted to local situations must be developed and issued.
However, to
• properly perform the utilization and disposal operations, • correctly fulfil the legal requirements, and • build stakeholder and public confidence, the establishment of defined outlet procedures/routes is needed and a good sludge quality must be guaranteed. It follows that the definition of (i) standardized characterization procedures, allowing chemical, biological and physical properties of sludge/biosolids to be evaluated and its behaviour possibly predicted and (ii) guidelines for good practices becomes a necessary support to regulations.
That is also because fundamentals of techniques adopted in characterization methods are often basically known and accepted everywhere, but each laboratory or analysis textbook follows and/or proposes different equipment size, accessories and procedures, so results obtained in different places, even if correct by themselves, are difficult to be compared because obtained in different, not standardized, conditions; in addition, statistical analysis of errors is often not available.
As a consequence, the development of standardized characterization methods and procedures becomes an additional necessary prerequisite.
To give the necessary support to the development of the EU directives dealing, directly or indirectly, with sludge, the European Committee for Standardization (CEN) has established Technical Committee 308 (TC 308) whose scope is the standardization of methods and procedures employed for sludge characterization and the production of guidelines for good management practice.
More recently, the International Organization for Standardization (ISO) has established Technical Committee 275 (TC 275) aimed at the standardization of methods for characterizing, categorizing, preparing, treating, recycling and managing sludge or biosolids and outputs from their treatment and handling.
MANAGEMENT PRACTICES
The main available practices for the management of sludge/ biosolids include (i) land application, agricultural utilization in particular, (ii) incineration and other thermal processes, and (iii) landfilling.
Land application
With reference to the agricultural use of sludge, the determination of nutrients, heavy metals and organic substances is one of the basic aspects to be considered, together with that of biological and biochemical properties, water content, dry residue, and organic carbon content.
Further, much greater attention has now to be paid to organic micropollutants and emerging contaminants.
Thermal processes
As far as thermal processes are concerned, the general philosophy behind regulations is to fix limits for the emission of different pollutants, so their determination is of fundamental importance, together with that of liquid and solid process residues in view of their safe recycle and/or disposal.
Landfilling
As far as landfilling is concerned, present legislation generally requires wastes be previously subjected to treatment, where treatment means the physical, thermal, chemical or biological processes that change the characteristics of the waste in order to reduce its volume or hazardous nature, facilitate its handling or enhance recovery.
Within this framework, the evaluation of biological stability and of physical stability, or consistency, is of primary importance in addition to that of chemical pollutants.
CONVENTIONAL PARAMETERS
Characterization parameters can be categorized into chemical, biological and physical ones.
Chemical parameters
Chemical parameters are mainly related to the agricultural use of sewage sludge following EU Directive 86/278/EEC, whose update has been expected for many years, but is not yet available, and national regulations. For this purpose, the determination of • nutrients, i.e. phosphorus and nitrogen, and • pollutants, i.e. heavy metals and organic substances, is one of the basic aspects of sludge characterization to be considered, as they affect the amount of sludge to be possibly spread on land.
Other parameters of interest are the organic carbon, water, and volatile solids contents.
It is also to be considered that, in future, limit values for heavy metals will be considerably stricter than in the past, and much greater attention has to be paid to organic micropollutants, such as adsorbable organic halogenated substances, linear alkylsulfonates (LAS), nonylphenol and its ethoxylates (NP/NPE), polycyclic aromatic hydrocarbons (PAH), polychlorinated biphenyls (PCB), and dioxins.
As far as incineration and other thermal processes are concerned, the main chemical parameters to be taken into account are:
• chlorine compounds, both organic and inorganic, for the tendency of the chlorine radicals to bind to active radicals, like O • , H • and OH • with the possible formation of toxic compounds; chlorine and other halogens are also responsible for the presence in exhaust gases of acidic compounds which are undesirable for the corrosion problems they involve;
• sulphur, because its dioxide combines with moisture to form sulphuric and sulphurous acids, thus affecting the cost of acid gas removal and gas utilization;
• phosphorus, whose recovery from ashes should be considered, as it is not an endless resource (in 100 years the apatite mines known today will be empty), so it is essential to recover the phosphorus in the sludge since this is one of the major available phosphorous streams in society today;
• nitrogen, due to its conversion during combustion to molecular nitrogen or to NO x ;
• organic micropollutants, with main regard to chlorinated hydrocarbons, phenols and polyphenols, PCB, pesticides and PAH;
• trace elements, for their potential tendency to be transferred in the gaseous phase (especially mercury); they (except mercury) can be concentrated in fly ash and collected in bag filters and electrofilters (arsenic, lead, cadmium and zinc).
Chemical analysis should also include, for particular cases of contaminated sludges, the compounds which are recognized to be recalcitrant to thermal degradation.
Further, the evaluation of the loss on ignition, which represents the mass escaping as gas as a result of the ignition of the dry mass of sludge, is of interest. The loss of ignition is generally used as a measure of the volatile matter content, but it should be noted that inorganic substances or decomposition products (e.g. H 2 O, CO 2 , SO 2 , O 2 ) are released or absorbed and some inorganic substances are volatile under the reaction conditions. In addition, the evaluation of volatilization as function of temperature (from 105 to 550-600 W C) should allow the performance of processes, such as pyrolysis and gasification, to be estimated. The elemental analysis of loss on ignition (C, H, N, S, O) is important to predict the flow rate and composition of flue gas and, therefore, to design the hot gas treatment line.
Other parameters not to be forgotten are those related to combustion conditions and to gaseous and solid discharges, e.g. dry matter and organic matter contents, and those related to transport, storage and transfer, e.g. moisture content, pH.
As regards landfilling operations, regulations generally require that wastes to be landfilled must be not liquid, and previously subjected to treatments, where treatment means the physical, thermal, chemical or biological processes that change the characteristics of the waste in order to reduce its volume or hazardous nature, facilitate its handling, or enhance recovery. Therefore, in sludge landfilling, all chemical parameters needed to classify the sludge as hazardous or non-hazardous have to be considered according to local regulations, together with sludge moisture or dry matter content.
Biological parameters
The evaluation of biological stability of sludge, or products deriving from its treatment, like compost, is of great importance considering that the level of biological stability strongly influences handling of such materials, as it gives indications on effectiveness of subsequent treatments, including risks of development of bad odours, effective acceptability in a landfill, possible reuse for environmental purposes, etc.
The importance of this parameter is confirmed by the fact that European normative has included the concept of biological stability in terms of requirements to be legally fulfilled.
In particular, residual waste undergoing a mechanical/ biological treatment prior to landfilling should reach, in the meaning of Article 2 (m) of Directive 1999/31/EC, such a level of biological stability that it cannot be considered any more biodegradable. Similarly, as far as the use on land is concerned, the use of stabilized sludge fulfilling the legal requirements can only be authorized as a component in artificial soils or in those land applications that are not destined for food and crop production.
However, a widely accepted parameter and/or procedure to evaluate this characteristic has not yet been defined, although several ones have been proposed from the volatile solids concentration to dynamic respiration index and respiration activity, although volatile solids measurements seem effective for both aerobic and anaerobic sludge (Switzenbaum et al. ) .
It is interesting to note that a clear, but generic, definition of stabilization is proposed in the European working document on biowaste; according to it, stabilization means the reduction of the decomposition properties of biowaste to such an extent that offensive odours are minimized and that either the respiration activity after 4 days (AT 4 , mg-O 2 /g-DM; DM ¼ dry matter) or the Dynamic Respiration Index (mg-O 2 /kgVS/h; VS ¼ volatile solids) are below a certain level, but the usefulness of such parameters appears to be limited to aerobically stabilized sludge, so at present measurements based on the volatile solids content remain applicable to both aerobic and anaerobic sludge.
Microbiological parameters are also very important in sludge characterization as they strongly affect the hygienic and safety aspects of sludge utilization.
Physical parameters
Physical properties are often considered of secondary importance with respect to chemical and biological ones. This is fundamentally wrong because the knowledge of physical properties allows the prediction of sludge behaviour when handled and submitted to almost all treatment, storage and utilization/disposal operations, including storage, pumping, transportation, land-spreading, dewatering, drying, incineration, landfilling.
Within this framework, the determination of capillary suction time (CST), specific resistance to filtration, compressibility, settleability, thickenability, calorific value, and drainability is of primary importance.
The CST is a fast and simple way to evaluate sludge dewaterability by filtration; CST should also make possible the evaluation, although only qualitatively, of sludge dewaterability by centrifugation through the measurement of floc strength (Spinosa et al. ; CEN/TC /WG/TG ).
The specific resistance to filtration is the classic parameter indicating suitability of sludge to be dewatered by means of a filtration process. The value of the specific resistance to filtration has great importance in dewatering processes as it can be useful for estimating the performance of full-scale filtering devices mainly pressure filters, and comparing dewaterability characteristics of sludge produced in different plants.
Compressibility is complementary to that of specific resistance and gives information on the best range of pressure to be adopted in filtration processes.
The settleability determination is used for measuring the rate of sludge settling and the sludge volume index, and for evaluating the performance of settling tanks, while the laboratory determination of thickenability allows the amenability of sludge to further concentrate suspended solids in gravity thickeners.
Drainability of flocculated sludge is an important parameter for evaluating its suitability to be thickened by means of a draining process, and for giving indications on the choice of flocculant and its dosage for sludge thickening through a filtering medium.
The determination of calorific value is of fundamental importance in thermal processes. In particular, sewage sludge usually contains much water and non-burnable solids, so for most purposes it may be sufficient to determine the gross calorific value only, and not the net calorific value for which additional determinations are necessary.
However, many of these parameters are specific to the method of treatment, and are not able to give fundamental or basic information on sludge as other parameters are able to do.
BASIC PARAMETERS
Regarding the parameters able to give more basic information on sludge characteristics, the most important are:
• rheological properties, important to quantify the sludge physical consistency which strongly affects almost all treatment, utilization and disposal operations;
• particle and floc size, which allow settling, thickening and dewatering operationswhich are an important step in the total sludge processing train as they can account for up to 50% of total operating coststo be optimized;
• water distribution that gives important information on the level of energy to be spent, and on the most appropriate system to be adopted for an efficient solid/liquid separation process.
The rheological characterization has been widely applied in the past to the study of slurry flow, in particular to the suitability for pumping, but the close association between certain aspects of rheological behaviour and (i) the structure, size and cohesion of flocs of agglomerated particles in suspension, (ii) the suitability of sludge to flocculation, thickening and dewatering, and (iii) the suitability of sludge to disposal operations, like landfilling, has also been evidenced.
Further, rheological measurements were demonstrated to be possibly used as indicators of biological changes and operational guide or control technique in several treatment and disposal operations.
The physical consistency is a characteristic strictly linked to the rheological properties, and is a parameter of fundamental importance in sewage sludge characterization. In fact, the selection of the most suitable equipment and procedure for land application, storage and transportation of sludge, is strongly connected to its consistency. Similarly, compacting sludge in a landfill or forming a pile in composting is depending on sludge shear strength rather than on its concentration of solids (Spinosa & Lotito ) .
References to the physical consistency are often reported in European legislation on sludge as a characteristic to be evaluated for fulfilling the regulations requirements. Further, in many analytical methods for sludge characterization (e.g. pH, dry matter, etc.) different procedures are indicated depending on whether the sample to be examined is liquid or not, is solid or not, but no procedure is given for evaluating such characteristic.
However, the evaluation of this property is a very complex matter which requires the preliminary definition of the physical states of the sludge and the standardization of the relevant measuring procedures to allow comparable and reliable results to be obtained. These procedures must also be simple to operate and applicable in the field (Leschber & Spinosa ) .
According to CEN/TC  (), three different behaviours can be observed with sludge, i.e. liquid, paste-like and solid, so methods to define the boundary area between liquid and paste-like behaviours (limit of flowability) and the boundary area between solid and paste-like behaviours (limit of solidity) need to be set up. It must be also considered the thixotropic behaviour of sludges, together with problems related to its shearing and load-bearing properties.
In literature, evidence is given to the fact that dewaterability variations, due to several factors such as pH, mixing, biological degradation, conditioning, etc., may be explained by the changes that these factors impose on size distribution, the supra-colloidal particles (1-100 μm) influencing the dewatering characteristics the most. This means that the evaluation of sludge particle and floc size should allow management operations, and relevant costs, to be optimized.
Water distribution represents the different types of water that can be distinguished according to their physical bonding to the sludge particles. Water types are free water, not associated to solid particles and that can be removed by gravity, capillary water and vicinal water (physically bound) which require mechanical forces to be removed, and chemically bound water only removable by thermal processes.
Therefore, water distribution gives important information on the level of energy to be spent, and on the most appropriate system to be adopted for an efficient solid/ liquid separation process.
In conclusion, the evaluation of basic parameters will help to improve the level of sludge characterization and, consequently, the possibility to develop optimal management operations.
DEFINING STANDARDS AND GUIDELINES
The development of standardized characterization methods and procedures is necessary because, even if they are based on well-known basic principles, often different methodologies, materials and accessories are adopted, so results could be not fully reliable and difficult to be compared. Further, the development of the procedures should be supported by guidelines of good practice for the different options of sludge/biosolids use and disposal.
Following considerations that characterization and standardization are necessary tools in sludge management, CEN established Technical Committee 308 (TC 308) whose main tasks are the production of standard methods for the chemical, biological and physical characterization of sludge, and of guidelines for good management practice.
Main objectives and strategic directions of TC 308 are to:
• elaborate documents on terminology, methods of analysis and characterization, good practice for different methods of sludge use and disposal, and operational practices for preparing sludge, in order to harmonize the technical language, methods and practices for sludge across Europe;
• promote and enable sustainable development through good practice for the conservation of organic matter and completion of nutrient cycles;
• contribute to improvements in public and environmental health and food safety through promoting and disseminating good practice;
• support and contribute to the production and revision of European directives relevant to sludge;
• support European stakeholders in sludge management (legislators, public and private companies, control agencies, etc.);
• give orientation to producers and users on how to meet legislation requirements in relation to the area of growing interest, like safety, health, environment protection, etc.
Work of CEN/TC 308 has been organized in three working groups, respectively dealing with the standardization of methods for determining chemical, biological and physical sludge parameters (WG1), the preparation of guidelines of good practice for the different options of sludge use and disposal (WG2) and the preparation of documents on the current and future needs in sludge management, and with the development of guidance to preserve and extend utilization and disposal routes (WG3).
Present status of work of CEN/TC 308 is reported in CEN/TC  (), while published standards and guidelines of good practice, at January 2015, are listed in Tables 1 and 2, respectively (rev. of Spinosa & Ginisty ; Spinosa & Vignoles ).
The recent establishment of Technical Committee 275 (TC 275) of ISO has been already mentioned.
The first guide dealt with the sludge 'vocabulary' to assure uniformity of expression in all European countries. This guide is now under systematic review but, to avoid any possible contradiction, revision will be completed only when the general 'Glossary of wastewater engineering terms' by CEN/TC 165 will be approved. At that time, all terms and definitions in the Glossary will be adopted by CEN/TC 308, unless there is a need to introduce new specific concepts or terms not appearing in the Glossary.
The purpose of Guide 2 is to outline the management of sludge, both upstream and downstream of the treatment process, to ensure that it is suitable for the available outlets.
Guide 4 describes good practice for the sludge use in agriculture, where permitted. It is applicable to all of the sludges that may be used on land as a source of plant nutrients, soil improver and/or amendment for crop production.
In Guide 5 indications on sludge utilization within reclamation programmes of disturbed land are given, aiming to address, in a general qualitative way, the key issues which will determine in each particular case whether, how much and which type of sludge can be used.
Both the first Guides 6 and 7 addressed sludge incineration to ensure safe and economical operations but considering that increasing energy costs and needs for the development of sustainable energy production have resulted in a growing application of thermal processes in general, it has been decided to unify and update these guides by considering in a new Guide 13 all the options, e.g. incineration, gasification, pyrolysis, now available for thermal processing of sludge. It is also not to forget the possibility to recover phosphorus out of the ashes.
All of the recommendations of Guide 8 constitute a framework within which the landfilling process can be proposed as a substitution for field spreading, or in addition to specific or combined incinerations, or any other process.
Guide 9 gives guidance on drying processes, the characteristics of dried sludge products, and the recycling or disposal of dried sludge products.
Guide 10 gives guidance for the hygienic aspects of the sludge land use and includes information on existing processes. It concerns microbiological life as an important part of the management of sludge in accordance with environmental requirements.
Following the consideration that sludge conditioning, thickening and dewatering are recognized as a major problem in water and wastewater treatment, as they can account for up to 50% of total operating costs, the recently published Guide 11 discusses technical and operational aspects of these operations.
An important aspect considered by CEN/TC 308 has been that related to the problem of validation of standards before official approval.
Validation generally consists of analysing reference samples circulated to many laboratories in different countries and in evaluating the precision (i.e. repeatability/ reproducibility) of measurements. This involves that sludge samples need to be examined by laboratories close to wastewater or waterworks plants and analysed as soon as possible, minimizing their manipulation, so the circulation of fresh sludge samples to laboratories in several places and in different countries is not possible.
Therefore, when circulation of samples may involve the change of their characteristics, thus avoiding reliable comparison of results, or when large quantity samples are needed, like in the case of most physical parameters, alternative validation procedures must be considered.
One could consist of the examination of synthetic suspension samples to be onsite prepared on the basis of a defined recipe and ingredients. Many different products can be used for preparation of inorganic synthetic suspensions: quartz sand, calcite and kaolin are three most naturally occurring minerals which find intensive application in large industrial sectors and seem the best combination to well describe the behaviour of a real inorganic sludge, while the preparation of organic synthetic suspension able to reproduce a biological real sewage sludge is a more complicated matter. Sodium alginate, yeast, cellulose, calcium chloride, albumin, stearic acid, potassium chloride showed to be possible components of an organic synthetic suspension.
To this end, CEN/TC 308 has worked on the development of a technical report, now in publication, dealing with methodologies for preparing synthetic suspensions, both inorganic and organic, in repeatable and quantified conditions.
Another option for validation of standards could involve the circulation of analysts, and not of samples, thus allowing analysts from the participating laboratories to meet in a common location, close to the place where samples are collected. To this end, a validation procedure for physical parameters has been adopted with CEN/TC  () and already successfully applied.
SUMMARY AND CONCLUSIONS
To properly perform the sludge utilization and disposal operations, correctly fulfil the legal requirements and build stakeholder and public confidence, the establishment of defined outlet procedures/routes is needed and a good sludge quality must be guaranteed.
Characterization is therefore a necessary tool in sludge management as it allows chemical, biological and physical properties of sludge to be evaluated, and its behaviour predicted.
Main available practices for the management of sewage sludge include land application, agricultural utilization in particular, incineration and other thermal processes, and landfilling.
With view to the agricultural use of sludge, the determination of nutrients, heavy metals and organic substances is one of the basic aspects to be considered, together with that of water content, dry residue, and organic carbon content. In future, much greater attention has to be paid to organic micropollutants. Further, the characterization of biological and biochemical properties is requested.
As far as thermal processes are concerned, the general philosophy behind regulations is to fix limits at the emission for different pollutants, so their determination is of fundamental importance, together with that of liquid and solid process residues.
Regarding landfilling, present legislation generally requires wastes be previously subjected to treatment, where treatment means the physical, thermal, chemical or biological processes that change the characteristics of the waste in order to reduce its volume or hazardous nature, facilitate its handling or enhance recovery. Within this framework, the evaluation of biological stability and of physical consistency is of primary importance.
However, characterization procedures, even if based on well-known basic principles, often adopt different methodologies, materials, and accessories, so results could be not fully reliable and difficult to be compared because obtained in not standardized conditions. The development of standardized characterization methods and procedures, possibly available in multiple languages and horizontally applicable to different matrices, becomes therefore necessary.
Finally, the development of standardized characterization methods and procedures should be supported by the preparation of guidelines of good practice for the different options of sludge use and disposal.
In order to give the necessary support to the development of the EU directives dealing, directly or indirectly, with sludge, CEN has established Technical Committee 308 (TC 308) whose scope is the standardization of methods and procedures employed for sludge characterization, and the production of guidelines for good management practice.
In this paper, the main parameters needed to characterize sludge from a chemical, biological and physical point of view have been outlined, and the most recent developments of the work carried out by CEN/TC 308 on the standardization of methods to characterize sludge/biosolids from a chemical, biological and physical point of view discussed in relation to the main different treatment and outlet options.
